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D I S C U S S I O N  

G. MICHON: Could you give any further information regarding the lower 
sensitivity limit of the simplified method for  the transfer of radon from the 
bubbler to  the measuring cell? 

D. E.  RUSHING: The lower limit of detection depends upon the blanks 
obtainable and these depend, amongst other things, on the gas  used for de- 
emanation. The  figure given in the pape r  is about 0 .05  pg Ra, but sub- 
sequent work has enabled us to reach lower levels for  blanks down to a f ew 
hundredths of a picogramme. 
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ENVIRONMENTAL MONlTORlNG IN THE VICINITY OF URANNM MILLS. This paper described the ex- 
tensive experience of the Public Health Service in monitoring the environment near United States uranium 
mills, and the highly successful pollution-control programme that has resulted. Environmental contamination 
from mills has involved primarily the water environment, and monitoring has been mainly for Ra=$, with 
determination of uranium and Sr9o as desirable. Studies have ranged from brief reconnaisance surveys to 
quantitative evaluation of radiation exposure of substantial population groups. depending upon degree of 
pollution. importance of affected water uses. and likelihood of human exposure. A Ra~~~survei l lance network 

Monitoring has included river sediments, aquatic biota, (insects. algae, fish). water. mill effluents, and 
crops and topsoils from farms irrigated with contaminated river water. This has provided understanding of the 
immediate and ultimate fate of Razztiin the water environment. and hac shown which media provide the best 
indication of pollution. Thus, for instance, the Razz6surveillance network uses sediment as well as water 
sampling. 

Spent ore solids, or tailings. have proved to be the most important source of environmental contaminatioo 
by mill  wastes. In the Animas River. for example, 9570 of the dissolved Razz6 in the downstream river water 
resulted from leaching of river bed depmits of tailings, rather than from direct mill discharges of R a n 6  in the 
dissolved state. Based on these findings, improved procedures for CapNring and retaining the tailings at  the 
mill  yielded immediate sharp reduction of downstream dissolved R S Z ' .  

The river sediments have proved to be an excellent indicator of mi l l  pollution. Their natural Razz6 

content has been established at 1.3 pg. RaZz6/g dry sediment. and contamination at twice this level is readily 
detectable. Routine surveillance of their gross alpha and/or Razz6 content is a reliable indicator of accidental 
spills of mill wastes. The great reservoirs of the,Colorado River Basin have been shown to be the final resting 
place of mill tailings released in earlier years. 

Razz6 concentration factors for aquatic biota have been determined. and aquatic populations have been 
used as a reliable indicator of the presence of chemically toxic mill wastef such as organic raffinate. Razz6 
uptake from polluted irrigation water by various crops has been measured, and has shown that feed crop such 
as alfalfa can become highly contaminated. 

These studies and the co-operation of the United States milling industry have yielded a high degree of 
protection of the waters of the Colorado Basin. Earlier dissolved Rat26concennations ranged as high ac 88 pg/l, 
whereas presently these streams contain less than 1 .0  pg/l. 

. ' covering seven States and eleven mills has recently been established to assure continued protection. 

CONTR6LE RADlOLoGlQUE DU MILIEU A U  VOISINAGE DES USNES D'URANIUM. Le m h o i r e  dicrit 
l'expirience i tendue acquise par l e  Service desantipubliquedans le domaine du contr6le radiologique du 
milieu, au voisinage des usines d'uranium des Etau-Unis. ainsi que le programme trbs efficace de lutte contre 
la pollution qui en est rbult i .  La contamination de I'environnement par  les usines atteint en premier lieu le  
milieu aquatique. Le contrdle de la radioactivite a porti surtout sur ZZbRa; I'uranium et le strontium-90 ont en 
outre I t 6  recherchb en cas de besoin. Le, iNdes s'dchelonnent entre de breves enquetes priliminaires e t  
l'ivaluation quantitative de l'irradiation d'imporranu grouper d e  populations. selon l e  degri  d e  pollution, 
l'importance des emplois de I'eau compromis et  la probabiliti d'une expasition d'etres humains. Un riseau 
de surveillance pourzz6Ra. couvrant sept Etats e t  onze usines a i t 6  kcemment mir en-place pour assurer une 
protection continue. 

Le contrdle radiologique a porti sur lea alluvions fluviales. la faune e t  la flore aquatiques (insectes. 
algues. poisons). l'eau. 1es.effluenn d'usines. ainsi que les cultures et terres rrabler d a  exploitations agricola 
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232 E. C. TSlVOGLOU 

irriguies avec de  l'eau d e  rivikre contarninie. On a ainsi compris c e  que devenait 2zdRa dam le  milieu aqua- 
tique irnrnidiaternent apres son introduction dans I'eau et ultirieurement. on P pu diterminer queb Clirnena du 
milieu donnaient la meilleure indication sur la pollution: par exemple.  pour Zz6Ra ce sont les alluvioat e t  
I'eau. 

Les stiriles ou les prcduiu de  queue s e  sont rive16 la principale source d e  contamination d e  I'envimme- 
rnent par les dichets des usines de traitement du minerai. Dans les eaux d e  I'Animas. par zxemple. 95% du 
W?a trouvd e n  aval d e  l'usine rbultaient du lessivage des dipdts d e  stiriles dam le lit d e  l a  riviere plut6t que 
du rejet direct d'effluents cantenant 226Ra en solution. A w i  a-1-pn mis au point des rnithcdes a m i l i o r k  pour 
retenir les st6rile.s i l'usine e t  on a obtenu irnmidiaternent une forte r d u c t i o n  du zz6Ra dissous e n  aval. 

Les alluvions fluviales re  sont ievdlies un excellent indicateur de la pollution provenanr de  I'usine. kur 
teneur e n  ZzQa nature1 &t d e  1.3 pg d e  2z6Ra par grarnrne d e  sidiment sec. et I'on peut d i tec te r  facilement 
un niveau d e  contamination i g a l  ou double d e  cette valeur. La surveillance continue de leur rayonnement 
alpha brut ou d e  leur teneur e n  n%a,  ou des deux ensemble, perrnet de  d ice le r .  i coup s0r. le d ivenement  
accidentel de  dichets d'usines. On a constate que la sreriles divenes par les u r i n e  de  ualternenr au COUK des 
annies finisraient par s'accurnuler dans les g r a d s  bassins d e  retenue du Culorado. 

On a d i te rmini  les facteun d e  concentration de  2 2 6 R a  pour la flore e t  la faune aquatiques e t  on a utilisi 
les populations aquatiques comrne t imoins son d e  l a  p r b e n c e  d e  dichets d'usines chimiquernent toxiques t e b  
que les rbidus concentrQ d e  la siparation par solvant organique. On a mesurd l'abrorption par divenes C U ~ N R I  

d e  226Ra provenant d'eau d'irrigarion polluie e t  on a constat6 que les plantes fourragkres telles que l a  luzerne 
peuvent etre forternent contarninies. 

Ces dudes ,  et  l a  coopiration des entreprises d'extraction amiricaines.  ont permis d e  protiger coatide- 
rablernent les eaux du Basin du Colorado contre la pollution. Les concentrations d e  22% en solution. qui 
atteignaient autrefois jusqu'i 88 pg/l. y sont B p r b e n t  infirieures i 1.0 pg/l. 

P03MMETPNl OKPmcAlauEh CPEllU B61M3M nPEnnPMRTbU?, OSPASATblSAKUIMX YPAHOBYM PYJIY. lfaercn o m -  
canue doraroro o n m a  cny ldu  rnpaaooxpanennn B ornomennu n o 3 u u e ~ p n n  oxpylarmetl cpenu a b m r n  aue -  
~ M K ~ H C K U X  ypanoaux npennpunra l  H ovenb ycnemnan nporpeuua ron rponn  3 a r p n ~ n e n u s .  KoTopan me 38-  

Bepmena. 3 a r p n ~ n e n u e  oKpy-saunetl cpenu  orxonaun y w n o a u x  npennpnnrutl Kacae rcn  B OCHOBHOU H ~ X O -  

nnmuxcn ~ d m r n  Bonn&x daccet lnos;  KonrpompoBanocb,  rnaensur obparou ,  conepxanue  p a n o ~ a - 2 2 6 ,  a 

onpenenenwe c o n e p r a w n  ypana H crponuun-90 cvnranocb x e n a r e n h n u .  Mccnenoaannn bUdW parmu~uuu,  

navnnan OT nenponomnrenbnux  pe ro rnocunpomvnux  oacnenoeannt l  u Konvan KonnvecTaennotl ouenKotl 
odnyvennn doaamux rpynn  nacenennn ,  npn XOM yvnruaanucb  c r e n e n b  r a r p n r n e n n n ,  a f a m e  pa ruepu  
norpednennn Bonu n s e p o n r n o c r b  obnyvennn nacenenun.  Inn odecnevennn nocronnnotl m ~ ~ n r u  nenaano 
buna cornana cncrewa nabnmnenun 3a conepxannew panona-226, OxaaruBaDman ceub mraroB n 12 ObOraTu- 
renbnux npennpnnrutl. 

f l o r u u e r p n u e c ~ n ~  xonrpona  pacnpocrpannncn na pevnue o rnoxennn ,  B O ~ H Y Y )  ~ a y n y  n onopy ( H B -  

ce ronue ,  Bonopocnu, pueu) ,  Bony, cbpocu obora rn renbnux  npennpnnrutl, c e ' n b c ~ o x o : , n t l c r a e ~ ~ u e  pac re -  
nun n aepxnntl cnotl novBu c @epn, ~ c n o n b s ~ x  ann opomennn r a r p n ~ ~ e n n y ~  peunym Bony. 3ro n o r ~ o -  

nuno y c r a n o s n r b  dnuxatlmne n OKonvarenbnue uecza o rnoxeun% panona-226 B oKpyxawei4 aonnoti cpene  
H no~a3ano.  raKan cpena  nBnneTca m u d o n e e  no ra ra renbno t l  B ornomennu ~ a r p n 3 n e n n n .  TaK, nanpn- 
nep ,  B c n c r e u e  n a d m n e n n n  3a conepxannen panona-226 u c n o n b ~ y e r c n  ~ r n r n e  npod nonnux o rnoxenn l  
n B o w .  

nepepedorannue pynonocnue noponu, HIM XBOCTU, o r a 3 a m c b  c a n u  aaxnuu ucrovnuKon ~ a r p s ~ n e -  
Hun OKpyxamell cpenu OTxonamn OdoraTurenbnux npennpnnruR. Hanpnwep, B nnxneu revennu pean Anmac 
95% pac raopennoro  B aone  panona-226 nannercn  c n e n c t a n e u  Bumenavnaannn PevHbIX nOHHuX OTnOXeHnR 
XBOCTOB, a n e  npnuoro cdpoca o b o r a r n r e n b n m  npennpnnrneu panona-226 B pacTBOpe~HOM COCTOnHnu. 
Ocnoaannue Ha 3rnx Bueopax ycoeepmencraoaannne wemnn ynasnuaannn n y n e p a n n n  XBOCTOB H a  odora-  
r m e n b n u x  npennpnnrnnx no3~onunu cpa3y x e  p e ~ ~ o  yueabmurb K o m u e c r a o  pac reopennoro  B Bone pa- 

Aona-226 B nnxneu r evennu  p e m .  
Ponnue ornoxennn B pexe o ra3anucb  npercpacneol n o r a ' ~ ~ a r e n e u  r a r p n ~ n e ~ n n .  E c r e c r a e n n o e  co -  

nepxanne panona-226 'cocraanner 1.3 uruar/r cyxoro o c a m a .  a r a r p n ~ n e n n e  npeaumaer Bnaoe ~ T Y  Be- 

m v n n y  n noarony nema oanapy lnaae rcn .  Cocronnnoe HabnDnenne 3a nonnotl anb4a-aKTuaHocrhD d u m  

conemannew panona-226 B ornoxennnx nannercn n a n e x n u  cnocobow oanapylennn aaapn t l~o t l  y r e w u  OT- 

xonoa odorarnrenbnnx npennpnnrull. sun0  nOKB3OHO. UTO orponnue pe3epayapu aaccetlna penu Konopano 

nonrnn' burb  u e c r o u  OroHvarenbnoro ornoxennn XBOCTOB o o o r a r u r e n b n o r o  npennpwnrna.  cbpomennux B 

n p e n m w e  ronu. 
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6- onpenenem r.a~ad~muwenru aowenrpaunm panona-226 nnn eonnoil aaynu u u~nopu, a Boinan 

npennpnnmil, TBKUX,  nanpnwep, KBK opranuuectcnil paUiunat. 6uno n3uepeno nornomesue panona-226 m3 

sarpasnensotl sppnreunoxsotl aonu p a s n n v ~ m u  c e n a c r o x o ~ n t l c r a e ~ ~ ~ n  pacresnevm n n o ~ a 3 a n 0 ,  uro KOP- 

woaue rynbrypu, nanpnuep nnuepsa, woryr o r a ~ a ~ b c n  ovenb sarpn~nenxuuu.  

@ayHa UCnOJlbJOBBJl8Cb KBK HanflXHadl UHIUKBTOP HIIJDIMVUII X n M U Y e C K H  T O K C W V X U  O T X O I O B  0 0 0 r ~ T H T e J l b H U X  

3ru nccneno~anun H corpynnnvecrao awepnKancKnx OOorarnTenbHbLX npennpunruil o6ecnevm.u BUCO- 

~ : y n  crenenb oxpaxu  BO^ 6accetlxs  peru Honopano. Pasbrne KonuenTpaunn pacraopennoro panons-226 

nocrnranu 88 uKmr/n. Torna ran: ceiluac B Bone ~ r n x  per ero conemanme cocramneT wenee 1,0mmcr/e 

VIGILANCIA DEL MEDIO AMBIENTE E N  LAS PROXIMIDADES DE LAS FABRICAS DE URANIO. ~a memo- 
ria reoena la vasta experiencia adquirida por l a  servicios sanitarios en e l  ani l i rh  del medio ambiente d e  las 
proximidades de las fibdcas d e  uranio estadounidenses. y el programa d e  control de la contaminaci6n at- 
mmfirica que se ha puerto en prictica. Las  fibricas contarninan principalmente las aguas de lor alrededores, 
asique la finalidad principal de lor anil ish eo detectar la prerencia d e  P6Ra y. cuando se considera con- 
veniente. de uranio y de 90Sr. Lm ertudim comprenden desde breves anilisis hasta la determinacidn cuantita- 
tiva de irradiaci6n de p p m  imponantes de la poblaci6n. segJn sea el  grado d e  contaminaci6n. la imponancia 
del empleo de las aguas afectadas y las probabilidades de irradiaci6n humana. Recienremente se ha esta- 
blecido una red de control radiol6gico del PsRa que brinda protecci6n continua a siete Estada y once fibricar. 

Se han analizado sedimentor d e  ios. biota acui t ico (insect-, algas, peces). aguas, efluentw d e  
fibricas. y plantas cultivadas y tierra de granjas regadas con agua de lor rfos contaminador. Gradas a ello 
se rabe lo que rucede con el  U6Ra del agua y de qui  manera re detecta mejor la conraminaci6n. Pot ejemplo. 
la red de control radiol6gico del Z Z S R a  utiliza muesuade  redimenu8 y de agua. 

LOJ deoechor de las fibricas que rnis contaminan el  rnedio ambiente son lac menas agotadas. Por ejem- 
plo. el 95 pot ciento del 2z6Ra dituelto en el  agua del rio Anima procede d e  la  lixiviaci6n de 10s derechor 
d i d o s  evacuadm en e l  cauce del 60. y no del ZZbRa disuelto que d u u r g a  la fibrica directamenre en el  agua. 
Grdcias a lm d a m  obtenidos re mejoramn lor procedimientor empleada para caprurar y retener lor desecha 
de la fiibrica. e inmediararnente se logr6 dbminuir mucho la cantidad de P6Ra disuelto en el rio. 

Los sedimentos fluviales proporcionan una excelente medida d e  la  contaminaci6n orgininada por la 
fibrica. Su contenido natural de UWa re ha fijado en 1.3  pg de P6Ra por gramo de d i m e n t o  reco. y et muy 
ficil  detectar una contaminaci6n equivalente a1 doble de a t e  valor. Un ana'lirir per idico d e  su actividad 
alfa o de su contenido de n6Ra revela perfectamenre cualquier contaminaci6n accidental prducida pot de-sechcs 
de la fibrica. Se ha visto que el lugar donde re d e p i t a n  finalmenre lor desechos evacuadm anos a u L  son lor 
embalser de la cuenca del rio Colorado. 

Se han determinado 10s factores de concent:aci6n del zZ6Ra en el biota acuitico. que re ha empleado 
pot set indicador excelentes de la presencia de desechos de fiibrica qufmicamente tbxicas, tales como lor 
refinador orginicm. Se ha medido la captaci6n pot d i v e a a  cultivm del n&Ra contenido en el  agua de'riego. y 
se ha dernostrado que las plantas forrajeras, por ejemplo la alfalfa, pueden resultar altamente contaminadas. 

Estor errudim y la cooperaci6n d e  la industria estadouniderue han servido para proteger en alto grado las 
aguas de la cuenca del Colorado. Tiempo a u k ,  lac concentraciom de n 6 R a  dbuelto alcanzaban hacia 86pg/I. 
mienuas que acruahenre estm rior contienen menm de 1 , O  pg/l. 

HISTORICAL BACKGROUND 

In order  to f i l l  wartime and later peacetime uranium requirements, the 
United States uranium mining and milling industry began a sharp expansion 
some twenty y e a r s  ago. Substantial uranium deposits were discovered in 
the western United States of America, and by the late 1950's uranium mills 
in that a r ea  were processing in excess  of 2 0  000 t / d  of o r e  with an average 
U3O8 content of about 0.2870. This  a p p e a r s  t o  be a maximum processing 
r a t e  not likely t o  be g rea t ly  exceeded in the n e a r  future .  

During the l a t t e r  1940's the possibil i ty of significant environmental  
contamination by uranium-mill  wastes received little'attention, p r imar i ly  
because little was known about the fate of such mater ia ls  in the environment , .I 

.I 
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and their  effects on human health. In subsequent years, however, especially 
during the 1950's, a great deal of factual information was obtained regarding 
the fate of radioactive mill wastes in the water environment and the paths by 
which these  ma te r i a l s  may en te r  the human diet. Concepts of protection 
of the public against excessive radiation exposure also changed during this  
period, and associated maximum pe rmis s ib l e  concentrations (MPC's)  of 
radioisotopes in water for  human consumption have decreased accordingly 
[l]  . Also, suitable methods of waste handling and con t ro l  have been de- 
veloped, and a t  present a high degree of environmental  and public health 
protection. h a s  been achieved. 

It was realized.in the late 1940's that the most hazardous radioisotope 
present in the uranium mill wastes w a s  Ra226, and in 1950 the f i rs t  explora- 
t o r y  r ive r -wa te r  samples  were collected to  determine whether any real  
problem existed. Four  water samples  f r o m  r ive r  locatiqns below uranium 
mills contained f r o m  4.5 t o  43 pc / l  of dissolved Ra226. In contrast ,  fou r  
companion samples  of r ive r  water f r o m  above the mills showed a na tu ra l  
background dissolved Ra226 concentration averaging 0.2 pc/ l  [2].  Thus, the 
p re sence  of s t r e a m  contamination was . c l ea r ly  demonstrated,  but the .ob- 
s e rved  Ra226 concentrations did not appea r  to be unacceptably high in  view 
of the s tandards for  human protection that were generally accepted at that  
t ime.  

Following this, however, the MPC for  dlssolved Razz6 in water for public 
consumption was more  definitely established at 4.0 p c / l  [3] ,  and l a t e r  at 
3.3  pc/ l  [4 ] .  During the same period it was estimated that at the anticipated 
uranium o r e  processing rate of 2 0  000 t /d  there would result some 5000 g /y r  
of Ra226 to be disposed of a s  waste. 

Thus, beginning in 1955 more extensive studies of the degree of surface- 
water  contamination with Razz6 were  conducted. They ranged f r o m  brief 
reconnaissance surveys a l l  the way to  full-scale studies of Ra226 intake by 
substantial  population groups [5],  and included in-plant s tudies  of the 
cha rac t e r i s t i c s  of uranium-mill  wastes,  as well a s  s tudies  of the fate of 
these mater ia ls  in surface s t r e a m s  and evaluation of the chemical toxicity 
of the wastes  to aquatic life. The detailed techniques and r e su l t s  ,of many 
of t hese  s tudies  have been published, and may be found in  the r e f e r e n c e s  
given here .  A great  deal  has been learned about the monitoring and s u r -  
veil lance of va r i cus  environmental  media  in the cour se  of t hese  s tudies ,  
and the purpose of this  paper is, to br ing, that  information together  fo r  the 
u s e  of others .  

MONITORLNG OF ENVIRONMENTAL MEDIA 

Although the comments in this  section of the paper reflect  experience 
pr imari ly  with monitoring fo r  Ra226, much of the information has  meaning 
a l so  in regard to other radioisotopes associated with uranium-mill  wastes. 
The g ross  alpha radioassay [2]  has proved especially useful a s  a screening 
analysis  to  determine whether isotopic analysis  of s amples  is necessa ry .  
Analysis f o r  uranium has often been of value in accounting for  most of the 
g r o s s  alpha activity, and, more  recently, analysis  fo r  thorium and fo r  
lead-210 has proved desirable [GI. In both river surveys and in-plant mill- 
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waste surveys, the quantitative accounting for  a l l  Razzs(disso1ved and sus-  
pended) passing each successive sampling location has  proved to be the es- 
sential key to successful evaluation and control of the problem. 

I 
I 

I 

In contrast  to other types of environmental  media discussed below, 
single o r  "grab" samples of a r i v e r  water or a water supply yield only an 
instantaneous evaluation of w a t e r  quality. Thus, in exploratory su rveys  
designed to provide estimates of the extent and magnitude of contamination, 
single samples suffice and have been used. In other studies such as those 
on the Animas River [5] where'the purpose has been t o  evaluate human Razz6 
intake, instantaneous samples are not adequate.. and field sampling devices 
that collect  longer term composite water  s amples  have been used. T h e  
details of one such composite s ample r  have been descr ibed elsewhere [7]. 

Dissolved ve r sus  undissolved Razz6 

The MPC referred to  above for Ra22E in water for  public consumption is 
fo r  "soluble" Ra226[4] which, for  want of a sufficiently precise  defi,nition of 
the t e r m  "soluble, 'I has been taken t o  mean "dissolved" Razz6 in  our  work. 
In many situations this  distinction may be unnecessary,  but ou r  e a r l y  ex- 
perience with uranium mill wastes indicated clearly that accurate evaluation 
of Razz6 intake required quite careful initial handling and treatment of water 
samples  to  determine the ini t ia l  content of Ra226in the  dissolved and un- 
dissolved s ta tes .  

Ra216 is relatively insoluble in water, and most (98'70, o r  so) of the Razz6 
in uranium-mill wastes occur s  undissolved in the spent o r e  solids, o r  
tailings. We have also found that the ve ry  fine tailings contain the highest 
Razz6 concentrations (2500 o r  m o r e  pc Ra226/g of d r y  solids) [8]. These 
finest o r  lightest suspended pa r t i c l e s  a r e  most likely t o  e scape  sedimen- 
tation basins and become a part  of the effluent to a s t r eam.  Other studies 
have also demonstrated that some of t h i s  initially undissolved Razz6 is 
eventually leached by water  and will  become dissolved [ g ]  . A s  a resul t ,  
most mill effluents and downstream r ive r -wa te r  s a m p l e s  contain at l ea s t  
small  quantities of fine mill tailings that have relatively high Razz6 content. 

It is common practice, i n  collecting ordinary water samples  for  Razz6 
analysis,  to add a s m a l l  amount of HC1 t o  the sample  at the  time of col-  
lection, in o rde r  to be s u r e  that the Razz6 initially present  in the dissolved 
state wi l l  remain dissolved until the sample is analysed. F o r  samples con- 
taining uranium mill waste solids, this practice, of course, only adds to the 
problem of knowing what the dissolved RaZ26 concentration was at  the t ime 
the sample was collected. 

Thus, unless the initial treatment of water samples is designed to avoid 
and minimize the above effects, e r r a t i c  and inaccurate dissolved Razz6 de- 
terminations may result. Based upon these considerations, our  procedure 
consis ts  of filtering the sample through a mil l ipore f i l t e r  promptly a f t e r  
collection, to  separate  the suspended solids.  The HC1 may then be added 
to the filtered water to prevent Razz6 precipitation before analysis, and the 
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suspended and dissolved 'Razz6 analyses a r e  then determined separately. In 
this way we hope to obtain the best possible evaluation of dissolved and sus-  
pended Razz6 at the time of sample collection. 

Observed radioactivity concentrations 

During the past seven yea r s  several  thousand water samples  f r o m  
western United States s t r e a m s  have been analysed for  dissolved Razz6 and 
many of these a l so  f o r  g r o s s  alpha radioactivity. Seve ra l  hundred have 
a l so  been analysed f o r  uranium, and a s m a l l  number r ecen t ly  for  Pb210. 
Earlier s tudies  placed p r i m a r y  emphasis  on pa r t i cu la r  s t r e a m  sect ions 
containing relatively high levels of pollution, but m o r e  recent ly  pollution 
has decreased sharply, and for the past year water monitoring has consisted 
p r imar i ly  of the operation of a surveil lance network designed t o  evaluate 
long-term radioactivity levels and to detect accidental spills of uranium mill 
wastes [ 6 ] .  

The natural  o r  background concentration of dissolved Razz6 in  surface 
wa te r s  of the western United States has proved in  the majority of ca ses  t o  
be l e s s  than 0.1 pc/l, with a small  fraction of the results ranging up to 0.2 o r  
0.3 pc/1. An occasional result  has been a s  high a s  0.8 o r  1.0 pc/l, but this 
has  usually been associated with local uranium mining activit ies o r  with a 
ve ry  s m a l l  high mountain creek.  The natural  g ros s  alpha radioactivity of 
t hese  su r face  w a t e r s  does not often range above 10 pc/1. The observed 
natural  uranium content has  averaged about 3 ~ g / l ,  and has  ranged a s  high 
as 8 o r  1 0  Mg/l (o r  as high as about 6 pc/l) .  The v e r y  small number of 
samples  analysed thus f a r  for  Pb210 indicate a natural  concentration of less 
than 0.1 o r  0.2 pc/L 

In contrast ,  in earlier y e a r s  at s t r e a m  locations downstream f r o m  
uranium mills, dissolved Razz6 concentrations a s  high as 88 pc/ l  have been 
observed, and dissolved g r o s s  alpha activit ies have been ove r  2000 pc/ l .  
Uranium and Pbzlo data a r e  not available fo r  this  period. 

At present, our  surveillance network of 24 sampling stations indicates 
that the co-operative programme of the States, the industry, and the federal 
agencies  has.achieved a high level of environmental  protection. F o r  the 
past year,  dissolved Razz6 concentiations have averaged less than 1.0 pc / l  
at each of the r i v e r  sampling stations, most of which are located below 
uranium mills. Average dissolved uranium has ranged up to only 3 8 ~ g / l  a t  
one of the sampling stations, and is generally close to natural levels at most 
of the others.  G r o s s  alpha activities have been at  comparably low levels.  

These  average concentrations are substantially lower than present  
s tandards for  the radioactive quality of water f o r  domestic use. This achieve- 
ment by an ent i re  industry ref lects  a s ince re  d e s i r e  t o  protect the water  
environment and minimize human radiation exposure in qvery practical way. 

Sediment monitoring 

In our studies, the content of r iver muds and sediments has proved 
t o  be the best  indicator of uranium-mil l  pollution and par t icular ly  of the 
degree to  which i t  has occurred in the past. Spent o r e  solids, or tailings, 
released in the mill  effluents settle to the river bed in pools and reaches of 
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low s t r eam velocity. They continue to accumulate at such locations a s  long 
a s  s t r e a m  flows remain reasonably low arid floods do not occur. Thus, 
single samples f rom such a location can yield a cumulative estimate of the 
quantity of mill  tailings that have deposited the re  since the l a s t  high flow. 
It was noted in ea r ly  studies that re la t ively high dissolved Razz6 concen- 
t ra t ions in  the flowing s t r e a m  were invariably a s soc ia t ed  with high Razz6 
concentrations in the sediments and bottom muds. 

Fig. 1 is a typicaldaily hydrograph fo r  s t r eams  of the western United States. 
The major annual flood flows begin in late March o r  e a r l y  April, when the 
snow in the high mountains begins to melt, and extend into July. Following 
that, an extended low flow period occurs  and l a s t s  for approximately eight 
months. The floods scour the river bed and cleanse it of prior accumulations 
of mill tailings. Settling and accumulation begins in August and continues 
virtually uninterrupted through the winter until the floods again begin i n  
April. 

V A  M J J A S 0 M A M J J A S O  

1958 

Fig. 1 

Animas River at Durango. Colorado from April 1956 to October 1959 

Hence, sediment samples taken below a uranium mill in mid-summer 
general ly  contain relatively low quantit ies of Razz6, whereas  those taken 
in the late winter contain maximum quantities. This  is illustrated in Fig. 2 ,  
showing data taken f rom the Animas River studies. As may be seen, Razz6 
concentrations in r iver  muds collected in ear ly  April  were about three times 

i 
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RIVER MILES BELOW MILL 

Fig. 2 

A n i m a  River: radium content of river muds in  1958-1959 

a s  high a s  the concentrations observed in the preceding summer, ranging up 
to  600 pc Razzs/g of dry sediment., 

The Razz6 contained in such r i v e r  sediments is leachable, and appears  
a t  downstream locations as dissolved Razz6 in  the flowing water. This  was 
f i rs t  demonstrated in the field studies of the Animas River, and la ter  in the 
laboratory 191. Before pollution abatement measu res  were installed at the 
uranium mill, the dissolved Razz6 concentration averaged 12.6 p c / l  in the 
Animas River two mi l e s  downstream. Treatment  a t  the mill consisted 
largely of improved sedimentation to  capture and retain the 14 t /d of tailings 
that had been escaping. The improvement of r iver  water quality was prompt, 
dissolved Razz6 concentrations dropping quickly to about 3.0 pc/1. The sub- 
sequent spring floods flushed away much of the residual sediment contami- 
nation, and after that dissolved Razz6 concentrations dropped below 1.0 pc/l  
and have since remained at  that level. 

Comparable improvement of r i v e r  water quality has  resulted at  other 
s t r e a m  locations a s  the milling indimtry installed improved methods t o  
prevent the escape of spent o r e  solids. This single treatment measure has  
been largely responsible f o r  the attainment of the present  high degree of 
protection of the radioactive quality of the su r face  wa te r s  of t h e  wes te rn  
United States. 

One other aspect of the leachability of Razz6 from mill tailings is worthy 
of mention here. In various field studies it was observed that during spring 
flood flows r iver  Concentrations of dissolved Iia.% tended to r ise  rather than 
d e c r e a s e  a s  would be expected assuming a constant pollution s o u r c e  and 
greater  r iver  dilution during floods. This confusing effect was also explained 
once it became understood that floods scoured and transported prior r iver-  
bed accumilations of mill tailings, making them much more readily leached 
by the flowing water. 
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Observed radioactivity concentrations 

F r o m  analysis of hundreds of river sedim?nt samples, the natural Ha2'26 
content of sediments f r o m  s t r e a m s  of the western United States has  been 
established a t  a n  average of 1.3 pc Ra226/g of d r y  sediment .  These  da t a  
a r e  highly consistent, and very seldom range above 2.0 pc/g a t  unpolluted 
locations. This resul ts  in an extremely sensitive yardstick for monitoring 
purposes, and a highly sensitive indicator of the presence of uranium-mill  
tailings. The Ra226 content of uncontaminated f a r m  topsoils is essentially 
the same.  

In contrast  t o  this  natural  level  of 1.3 pc/g. concentrat ions of Ra226 
as high a s  2100 pc/g were observed in e a r l i e r  y e a r s  in one r ive r ,  a,nd as 
high a s  800 pc/g in Animas River muds. The Razz6 concentration of2100pc/g 
was associated with a g r o s s  alpha radioactivity of 10  000 pc/g and with a 
dissolved Razz6 concentration of 88 p c / l  i n  the r i v e r  water .  

F o r  the past three years  a surveillance networkof r ive r  sediment sampling 
stations has  been operated in the Colorado River  Basin. I ts  purposes  in- 
clude long-term evaluation of the radioactivity of these sediments  and the 
detection of accidental  r e l eases  of mi l l  tai l ings.  T h i s  network init ially 
included about 100 sampling locations, mostly downstream f r o m  uranium 
mills. Sampling is conducted 
twice yearly,  in August and late March. Data fo r  t he  past  y e a r  indicate 
again the great improvement,that has resulted from industry-wide measures 
to  minimize pollution. At only th ree  locations w e r e  Razz6 concentrat ions 
above the natural content, and at only a single location did the Ra226 concen- 
tration exceed 10 pc/g. At that station a content of 50 pc /g  was observed 
most recently, in contrast  to e a r l i e r  concentrations as high as 400 pc/g.  
The present resul t  r ep resen t s  res idual  contamination, and will d e c r e a s e  
as floods scour  i t  away. 

Because of the very long half-life of Raz26(1620 y r )  and the extremely 
small  concentrations permissible in water for public use, the ultimate fate 
of mill  tailings in the water environment has  been of interest .  The floods 
of spring flush p r io r  accumulations of tail ings f r o m  the r i v e r  beds of the 
tr ibutary s t r eams  into the main Colorado River, and f r o m  there eventually 
the o re  solids reach Lake Mead and the great  r e s e r v o i r s  of the Lower 
Colorado River Basin. This is their  final resting place, fo r  pract ical  
purposes, a s  these great lakes a r e  not flushed to any appreciable extent by 
the annual floods. Limited sampling of Lake Mead sediments has  indicated 
that the average Ra226 concentration i s  two to three t imes the natural content 
of sediments of the upstream r iver  basin, and very rough estimates indicate 
that 2000 g o r  more  of Ra226 have been added to the Lake Mead sediments  
during the past decade o r  so. These a r e ,  of course,  still v e r y  low Ra226 
concentrations, and there has been no detectable increase of dissolved Razz6 
in the waters of Lake Mead over natural levels. 

. . 

Recently i t  has been redyced to 30 stations. 

Monitoring of aquatic biota [ l o ]  

Monitoring of the biological forms found in s t r eams  receiving uranium- 
mill wastes was begun in 1955, and since that time a large number of samples 
have been collected and analysed, pr imari ly  for  Ra226. The samples  have 
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included various types of filamentous algae, aquatic insects such as caddis, 
mayfly and stonefly larvae, and f i sh .  

Interest in monitoring of the aquatic biota has stemmed primarily from 
the possibility that one o r  another type might serve a s  a particularly useful 
indicator of uranium-mill pollution. Like all  living things, the s t ream biota 
accumulate and concentrate radioactive ma te r i a l s  to  s o m e  degree,  and a 
single sample therefore yields a cumulative s tory of past  pollution.rather 
than only an instantaneous evaluation of water quality. Concentrations of 
radioactivity in the biota a l so  reflect  p r imar i ly  radioactivity that was 
dissolved rather  than suspended in the water, and thereby provide additional 
useful information not obtained f r o m  instantaneous wa te r  or sediment  
samples. Thus, a single sample of attached filamentous algae can yield an 
indication of past  r e l eases ,  both usual and accidental, of dissolved Razz6 
f r o m  the uranium mil ls .  The data  gathered ove r  the past  s e v e r a l  y e a r s  
have provided information as to natural Razz6 concentrations in the biota, a s  
w e l l  as comparat ive concentrations in the flowing water,  sediments  and 
biota, and these studies have led to useful conclusions a s  to  the value of the 
aquatic forms a s  indicators of uranium-mill pollution. 

Collection methods 

Filamentous algae have generally been collected by hand. Most of the 
s t r eams  involved have been sma l l  enough to wade, and algae samples  have 
also been composited ac ross  the s t ream section. During the studies of 1955 
and 1956 an attempt was made to obtain "live" weights of sample byweighing 
the gently blotted sample immediately af ter  collection, but i t  did not prove 
feasible to obtain reproducible weights in this  manner. The only reproducible 
sample weight has proved to be the ashed weight, and more. recently samples 
have been careful ly  r insed in  the r i v e r  to  free them of a t tached silt and 
debris,  then p rese rved  in formalin fo r  subsequent analysis .  

Aquatic insects have been collected by use of a square-yard or square- 
foot sampler,  consisting essentially of a screen attached to  two posts fo r  
rigidity. Rocks and s tones in a one-square-yard or one-square-foot up- 
s t r eam bottom a r e a  a r e  wiped f r ee  of attached insects,  which a r e  then 
allowed to float downstream to be caught in the screen. The trapped insects 
a r e  then picked off the sc reen  and placed in vials for  subsequent weighing, 
counting, identification and radioa-ay. E a r l i e r  s amples  were analysed 
in toto a s  collected, but beginning in 1958 a l l  insect larvae were removed 
from their  shel ls  before assay.  

F i s h  have been collected less frequently than the algae and in sec t s .  
They a r e  h g h e r  in the chain of s t ream life and therefore do not concentrate 
radioactivity to a s  great a degree a s  the lower forms. Both collection and 
radioassay a r e  also more  difficult. Hence, fish collections have been 
relatively few in number and only sufficient to provide e s t i m a t e s  of the 
degree of Ra226 accumulation and the degree to which Razz6 might enter  the 
human diet by this  path. 

Collection of fish samples  has  been largely by the use of rotenone, a 
f i s h  poison. Minnows and juvenile f i s h  have been homogenized in a blender 
to make a paste fo r  radioassay in toto. La rge r  fish, most often suckers ,  
w e r e  prepared and analysed as flesh and skeleton sevaratelv.  
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Fig. 3 

RaZz6content of algae and insecu water Anima River 

0 - Algae, 1958 
0 - Insects. 1958 
A - Algae, 1959 

Observed resu l t s  

Detailed Ra226 and gross  alpha concentrations observed in  the Stream 
biota have been reported elsewhere by ANDERSON [ lo] ,  but a summary  
of these results is useful here. Fig.3 shows the findings for  algae and 
aquatic insects  plotted as a function of the dissolved Ra226 content of the 
flowing water. All results for biological samples a re  reported a s  pc Ra226/g 
of ash. The lines through the data have been sketched by eye. 

The natural  Razz6 content of the algae and the aquatic insects averaged 
about 4.0 pc Ra226/g of ash, with no apparent difference f o r  the two types 
of biota. At polluted locations Ra226concentrations in algae a s  high a s  
3500 pc Ra226/g of ash have been observed in the ear l ier  studies [2] .  Generally, 
the higher Ra226 concentrations have been associated with high Razz6 content 
of sediments a s  well a s  relatively high dissolved Razz6 in the flowing water. 
In a l l  cases ,  at  both polluted and clean locations, t h e r e  has been a virtual 
one-to-one correspondence between theRa226 content of algae and insects,  
indicating no difference in the usefulness of these f o r m s  as  indicators of 
mill  pollution. The algae a r e  much more easily collected, however, and 
this  decisive advantage has led to selection of the algae as  the prac t ica l  
indicator organism. 

In order  to examine the relation between Razz6 concentrations in biota 
and in  the associated water, a concentration factor  has  been defined as: 

c Ra226/g of live weight 
pc Ra226/g of water 

C = P  
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Factors to convert ash weights to live weights have been determined in other 
studies and used f o r  these est imates  of C. F o r  both types of biota a con-  
sistent s e t  of concentration factors between 500 and 1000 was obtained ove r  
the whole range of results.  

The natural  Razz6 content of juvenile fish analysed in toto averaged 
0.5 pc Ra226/g of ash, with a range of 0.1 to 0.9. against resul ts  a s  high as 
47 pc/g i n  samples  f r o m  polluted locations. These  samples ,  of c o u r s e ,  
include the gut and i t s  content of silt and sediment, hence the computation of 
concentration factors would be misleading. Fo r  adult f i sh ,  the data a r e  too 
few t o  give representat ive average Ha226 concentrations in  the f l e sh  and 
skeleton. Flesh samples contained up to 1.4 pc I<aZ?d/g of ash, while skeleton 
Razz6 content ranged up to 8.9 pc Ra226/g of ash. Concentration factors  a r e  
m o r e  meaningful here,  and although the data  are few, the concentrat ion 
f ac to r s  are highly consistent.  The da ta  indicate that fo r  s u c k e r  f l e sh  a 
concentration factor  of 3 is a good estimate,  while a concentration f ac to r  
of about 100  is associated with the skeletal  mater ia l ,  demonstrat ing the 
bone-seeking qualit ies of Ra226. 

Chemical toxicity of mil l  wastes  

Although not a part of the usual radioactivity monitoring system per  se, 
studies of the populations of aquatic insects below uranium mills have yielded 
highly valuable information as to the chemical  toxicity of the mi l l  wastes .  
Fig. 4 is a graphic presentation of such studies f o r  the Animas R ivep  [SI. 
As may be seen, the number of species  of bottom insec t s  and the i r  popu- 
lations were high at a location immediately upstream of the uranium mil l .  
Within a mile after the introduction of the mill  effluents, this entire bottom 
population was eliminated, and l i t t le improvement could be observed for 
the next 40 miles of river.  Aside f rom their  radioactivity, the chemically 
toxic quality of the mill wastes was thus clearly demonstrated. A s  a result, 
remedial  treatment measu res  a t  the mill  included removal  of the toxic 
organic-bearing raffinate from the effluent, and, over a period of twoyears,  
the river-bottom insect populations gradually returned to normal  numbers .  

Monitoring of other media 

Other media related to the problem of radioactive pollution from uranium 
mills have also been monitored during the foregoing studies. They include 
mill  effluents (mentioned separately because of special  sample collection 
problems), topsoils f rom f a r m s  irrigated with polluted r i v e r  water, c rops  
from such farms,  and, quite recently, the f e r t i l i ze r s  used on such farms. 

Mil l  effluents 

The effluents f rom uranium mil ls  most often contain a ve ry  high con-  
centration of tailings o r  suspended spent o r e  solids, and considerable c a r e  
is necessa ry  to  a s s u r e  collection of a t ruly representat ive sample.  F o r  
instance, i f  the sample bottle is held too long in the effluent s t r eam the solids 
w i l l  replace most of the liquid, and a sample of only the wet soltds results.  
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Bottom fauna studies 

The effluent l iquors a r e  a lso usually highly acid o r  alkaline in nature, and 
liquid and solid portions of the sample should be separated a s  soon a s  feasible 
after the sample i s  collected. 

Dissolved Razz6 in the effluent liquors has ranged over 1000 pc/ l  in our 
s tudies , .  and the f iner  suspended spent o r e  solids in  these  effluents have 
often contained seve ra l  thousand pc l<a22G/g of sohds.  In most cases ,  the 
receiving stream has provided relatively great dilution, hence the immediate 
downstream dissolved Rat26 concentration has  been much reduced. A s  has  
been noted, the accumulation of mill  tailings on the r ive r  beds has  proved 
to be the main source of downstream dissolved lta226, and recent treatment 
measu res  a t  the mills have almost eliminated this  problem. In addition, 
at locations where r ive r  dilution has  been inadequate, neutralization of the 
effluent sometimes followed by precipitation with barite o r  other chemicals 
has been effective in reducing the dissolved Razz6 in  the effluents. 

Crops, topsoils and f e r t i l i ze r s  

During the Animas River studies of 1958-1959 a considerable number 
and variety of c rop  samples  w e r e  collected from local f a r m s  and analysed 
for  Ra226. Many were a l so  analysed for  Sx9J because of its bone-seeking 
qualities, even though it is not a constituent of uranium-mill wastes. Topsoils 
and irrigation water were also assayed, and since that t ime other  l imited 
crop assays for Ra226 have been conducted. Crops were generally prepared 
f o r  a s say  in mubh the s a m e  manner a s  they would be prepared for  human 
consumption. The data have been presented in  de t a i l  e l s ewhere  [5, 61. 

'.= .- 
& 
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In the Animas River case,  the Ra226 content of c r o p s  f r o m  unpolluted 
locations averaged about 2.0 pc Ra226/kg of live material ,  in comparison t o  
about twice this  figure a t  f a rms  irrigating with polluted r i v e r  water.  T h e  
topsoils were not highly contaminated with Ra226, and irrigation water Razz6 
concentrations were usually not relatively great.  

Studies a t  this and other locations have since indicated that the Ra226 
content of c r o p s  is most  direct ly  re la ted to  topsoil  Razz6 concentrat ions,  
r a t h e r  than to  the dissolved Ra226 in the i r r igat ion water .  At unpolluted 
f a r m s ,  the topsoil Ra226 content has  proved to  be quite comparable  t o  the 
natural Ra226 content of r iver  sediments, o r  about 1.3 pc Ra226/g of soil. At 
polluted locations, topsoil Razz6 has ranged as high a s  40 to 50 pc/g. Quite 
recent studies have indicated that these higher concentrations may result  in 
pa r t  f r o m  the use  of phosphate fer t i l izers ,  and these have been found to 
contain Ra226.occasionally in excess  of 3 0  pc/g.  

Cattle feed crops,  particularly alfalfa, have been found t o  concentrate 
Ra226 to a much greater  degree than other crops. Alfalfa f rom uncontaminated 
f a r m s  contains from 10 to 15. pc Ra226/kg of live material, whereas concen- 
trations in excess  of 1000 pc/kg have been observed, always in association 
with relatively high Ra226 in the topsoil. A few milk samples f rom cows fed 
on such alfalfa have 'also been assayed fo r  Ra226, and these  w e r e  found t o  
contain higher than normal Ran26 levels (concentrations of 5.0 pc Raz26/l of 
milk have been observed). 

~ 

. 

SUMMARY AND CONCLUSIONS 

Monitoring of a var ie ty  of environmental  media  f r o m  the vicinity of 
United States uranium mil ls  has provided a consistent s to ry  of the fate of 
wastes re leased f rom these mills to  the water environment. Natural  con- 
centrations of Ra226 have been established for these media and compared to 
observed concentrations at polluted sampling points. In recent years,  the 
United States uranium mil ls  have undertaken a substantial  p rog ramme of 
pollution abatement that has sharply reduced contamination of the neighbouring 
environment. Presently,  Razz6 concentrations in the surface s t r e a m s  are 
therefore substantially lower than the generally accepted limits. The uranium- 
milling companies, in co-operation with national and local  agencies, have 
also undertaken a programme to eliminate the problem of accidental spi l ls  
o r  r e l eases  of wastes normally held in the lagoons. 

One fu r the r  problem rema ins  a t  this time, namely, the problem of 
long-term, o r  "ultimate" disposal of the mill tailings. These have accumu- 
lated at  a rate in recent years  of approximately 20 000 t /d .  Their burden of 
undissolved Razz6 i s  of the order of tens of thousands of grammes. The half- 
life of Razz6 is very large (1620 y r )  in t e r m s  of generations, and the permissible 
levels of Ra226 contamination of the environment a r e  very small .  Hence, i t  
is n e c e s s a r y  to  plan well now fo r  the v e r y  long-term confinement of the 
tailings. 

Several solutions have been proposed fo r  this problem. In the United States 
competitive economy ways a r e  usually sought to use such waste materials,  
and it has thus been proposed that the mill tailings might be used as land f i l l  
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material  for  industrial building s i t e s  or for  highway subgrade f i l l  material. 
Unfortunately, as ide f r o m  the possible public health haza rds ,  the finely 
ground spent-ore solids a re  not suitable a s  land fill because they willnot support 
any substantial load. Another solution to the problem of long-term disposal 
is to dump the tailings back into abandoned uranium mines. This, of course, 
involves the expense of transporting them to the mines, Even so, this may 
prove to  be the most economical adequate solution t o  the problem. In the 
meanwhile, until the best means of long-term disposal is found, the tailings 
piles must be adequately confined at  their present locations, and maintained 
in condition to prevent t he i r  d i s p e r s a l  t o  the gene ra l  environment.  
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